The effects of sympathomimetic amines on Ca 2+ transients and isometric contractions were assessed in isolated rabbit papillary muscles in which multiple superficial cells had been microinjected with the calcium-sensitive bioluminescent protein aequorin. In the presence of /3-adrenoceptor blockade, the a-receptor agonist phenylephrine increased both the amplitude of the aequorin signals and the force of contraction in a concentration-dependent manner. However, the maximum increase i n the aequorin signals was less than 10% of that produced by the /3-receptor agonist isoproterenol, while the maximum increase in force of contraction produced by a-stimulation was about 50% of that elicited via /3-adrenoceptors. For a given increase in the force of contraction, stimulation of a-adrenoceptors produced much less change in the amplitude of the aequorin signals than did elevation of the extracellular Ca 2+ concentration; we interpret this to mean that the positive inotropic effect of a-adrenoceptor stimulation is in large part the result of an increase 1 in myofibrillar sensitivity to Ca 2+ . Stimulation of a-adrenoceptors produced little change or a slight decrease i n the duration of the aequorin signal and an increase in the duration of contraction, while stimulation of /3-adrenoceptors significantly decreased the time to peak and duration of both the aequorin signals and the contractions. For a given level of inotropic effect, high concentrations of isoproterenol often increased the aequorin signals more than did elevations of Ca 2+ , which is consistent with other evidence that the cyclic AMP-dependent phosphorylation of troponin I leads to a decrease in myofibrillar Ca 1+ sensitivity. However, concentrations of isoproterenol that did not produce evidence of this sort of desensitization also abbreviated the contractions much more than they did the aequorin signals. This suggests that the traditionally accepted mechanisms -a decrease in the Ca 2+ affinity of troponin C and an acceleration of Ca uptake by the sarcoplasmic reticulum -may not be sufficient to account for the actions of/3-receptor stimulation on the time course of contraction. In the absence of blocking agents, the naturally occurring catecholamines norepinephrine, epinephrine, and dopamine appear to influence the function of the rabbit papillary muscle through both a-and /3-adrenoceptors. Dopamine has a relatively greater effect on a-adrenoceptors than the other catecholamines. (Circulation Research
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The effects of sympathomimetic amines on Ca 2+ transients and isometric contractions were assessed in isolated rabbit papillary muscles in which multiple superficial cells had been microinjected with the calcium-sensitive bioluminescent protein aequorin. In the presence of /3-adrenoceptor blockade, the a-receptor agonist phenylephrine increased both the amplitude of the aequorin signals and the force of contraction in a concentration-dependent manner. However, the maximum increase i n the aequorin signals was less than 10% of that produced by the /3-receptor agonist isoproterenol, while the maximum increase in force of contraction produced by a-stimulation was about 50% of that elicited via /3-adrenoceptors. For a given increase in the force of contraction, stimulation of a-adrenoceptors produced much less change in the amplitude of the aequorin signals than did elevation of the extracellular Ca 2+ concentration; we interpret this to mean that the positive inotropic effect of a-adrenoceptor stimulation is in large part the result of an increase 1 in myofibrillar sensitivity to Ca 2+ . Stimulation of a-adrenoceptors produced little change or a slight decrease i n the duration of the aequorin signal and an increase in the duration of contraction, while stimulation of /3-adrenoceptors significantly decreased the time to peak and duration of both the aequorin signals and the contractions. For a given level of inotropic effect, high concentrations of isoproterenol often increased the aequorin signals more than did elevations of Ca 2+ , which is consistent with other evidence that the cyclic AMP-dependent phosphorylation of troponin I leads to a decrease in myofibrillar Ca 1+ sensitivity. However, concentrations of isoproterenol that did not produce evidence of this sort of desensitization also abbreviated the contractions much more than they did the aequorin signals. This suggests that the traditionally accepted mechanisms -a decrease in the Ca 2+ affinity of troponin C and an acceleration of Ca uptake by the sarcoplasmic reticulum -may not be sufficient to account for the actions of/3-receptor stimulation on the time course of contraction. In the absence of blocking agents, the naturally occurring catecholamines norepinephrine, epinephrine, and dopamine appear to influence the function of the rabbit papillary muscle through both a-and /3-adrenoceptors. Dopamine has a relatively greater effect on a-adrenoceptors than the other catecholamines. (Circulation Research 1988; 62:247-265) I n the intact animal, myocardial contractility is regulated by the sympathoadrenal system to adjust cardiac function to the requirements of the moment. The receptors involved are predominantly of the /3-adrenergic type, and at least some of the intracellular events through which the activation of these receptors leads to characteristic changes in myocardial function are relatively well understood. It is generally accepted that the stimulation of /3-adrenoceptors by catecholamines leads to an elevation of cyclic adenosine 3',5'-monophosphate (cAMP) levels in myocardial cells. cAMP accumulated intracellularly in turn activates cAMP-dependent protein kinase, which induces the phosphorylation of proteins in the sarcolemma, sar-coplasmic reticulum, and thin filaments. The most important consequences of these phosphorylations are thought to be, respectively, 1) an increase in calcium influx across the sarcolemma during the action potential, 2) an increase in the rate of calcium uptake into the sarcoplasmic reticulum, and 3) a decrease in myofibrillar calcium sensitivity. The net effect of these changes is an increase in the strength of myocardial contraction associated with accelerated relaxation and an abbreviation of contraction. (For reviews, see references 1-7.) In the 1970s, it became evident that responses mediated by a-adrenoceptors may also contribute significantly to the positive inotropic effects of sympathomimetic amines in certain mammalian species. (For reviews, see references [8] [9] [10] .) It was subsequendy shown that the stimulation of a-adrenoceptors does not modify cAMP metabolism in the myocardial cell during induction of the positive inotropic effect." a-Receptor stimulation has been shown to be capable of restoring the slow-response action potential and increasing the rate of rise of the potential in partially depolarized rabbit papil lary muscle, ' 2 and of increasing the slow inward current in bovine ventricular myocardium. 13 However, the process that couples myocardial a-adrenoceptor stimulation to these electrophysiological responses is not known, and it is not clear to what extent they are involved in the production of the inotropic effect.
The calcium-sensitive bioluminescent protein aequorin has been used by a number of investigators in recent years to measure directly the transient changes in intracellular calcium concentration (Ca 2+ transients) associated with the contractions of heart muscle. (For review, see Blinks. 14 ) It has been found quite regularly that /3-adrenergic agonists produce a large increase in the amplitude of the Ca 2+ transient and that the increase in the amplitude of the aequorin signal is associated with a significant acceleration of its decline. There is less agreement about whether the time to peak light is affected by the catecholamines: Allen and Kurihara 13 reported no change, whereas Blinks et al 16 and Morgan and Blinks 17 reported an abbreviation. In all of the studies just cited, it was also found that for a given increase in the strength of contraction the amplitude of the aequorin signal was increased more by the administration of catecholamines than by increasing the extracellular calcium concentration or the frequency of contraction; this was interpreted as being consistent with other evidence that /3-adrenoceptor stimulation leads to a decrease in the Ca 2+ sensitivity of the contractile apparatus. All of the studies referred to so far were brief texts of symposium contributions; in none were detailed concentration-response relations determined, and in no case was attention devoted to the characteristics of changes in the calcium transients mediated by a-adrenoceptor stimulation.* This study was prompted by the following questions related to the effects of myocardial adrenoceptor stimulation: 1) What are the relative effects of /3-and a-adrenoceptor stimulation on the amplitude and time course of the intracellular calcium transient? 2) How do these effects relate to the inotropic actions mediated by the two receptor types? Can they provide any insights into the mechanism of the inotropic response mediated by a-adrenoceptors? 3) What are the relative contributions of a-and /3-receptor-mediated effects to the inotropic actions of sympathomimetic amines that act on both receptors?
The experiments were carried out on aequorininjected rabbit papillary muscles. Aequorin is the only intracellular calcium indicator so far to be used successfully to detect the Ca 2+ transients of cardiac muscle in conjunction with mechanical measurements; the rabbit papillary muscle was chosen because the a-adrenoceptor-mediated inotropic response is more pronounced in the rabbit than in other readily available mammals.
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•Note added in proof: After this paper had gone to press, a paper appeared in which more detailed information was provided on some of these points: Kurihara S, Konishi M: Effects of /3-adrenergic stimulation on intracellular Ca transients and tension in rat ventricular muscle. Pflugers Arch 1987;409:427-437
Materials and Methods
Hearts were removed from rabbits of either sex (body weight 2.3-4.2 kg) under chloroform anesthesia and perfused briefly with physiological salt solution. The thinnest (greatest width never more than 1 mm; for cross-sectional areas see Table 1 and figure legends) papillary muscle was excised from the right ventricle of each heart and mounted horizontally in an organ bath constructed to facilitate the microinjection of aequorin. In this bath, freshly oxygenated physiological salt solution at 31°-32° C was circulated rapidly but smoothly past the muscle from a sidearm in which it was bubbled vigorously with 95% O 2 -5% CO 2 concentrations of 20 mM were not normally exceeded because higher concentrations caused substantial decreases in excitability and sometimes conduction blocks as well.
Aequorin was microinjected into numerous (50-100) superficial cells of each papillary muscle. The aequorin was extracted, purified, and prepared for injection according to techniques that have been described elsewhere in detail." It was dissolved at a concentration of about 2 mg/ml in a solution containing 150 mM KC1 and 5 mM HEPES (N-2-hydroxyethylpiperazine-A^' -2-ethanesulfonic acid) buffer, pH 7.5. The solution was loaded into finetipped (35-50 mft in 150 mM KC1) micropipettes through which membrane potential was monitored to determine when cells had been penetrated. Aequorin was injected by the application of gas pressure as described previously.
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After injection, the muscle was transferred to an apparatus (illustrated by Blinks 14 ) designed to detect aequorin signals with high optical efficiency and to minimize motion artifacts. The core of the apparatus is a vertically oriented ellipsoidal reflector with the muscle mounted at the upper focal point and the photocathode of the photomultiplier at the lower one. The muscle was positioned at the upper focal point by mounting it inside a double-walled glass tube that extends axially into the top of the reflector from a water-jacketed organ bath. Oxygenated physiological salt solution was forced to circulate rapidly from the bath through the extension containing the muscle and then through a sidearm where reoxygenation took place. During these experiments, the bath contained 50 ml of Krebs-Henseleit solution, which was maintained at a temperature of 37.5° C. The muscle was clamped at its lower end to a miniature version of the electrode block for combined punctate and field stimulation described previously." A punctate platinum cathode contacted the tissue just above the point at which it was clamped. The muscle was stimulated throughout the experiment with 5-msec pulses of just above threshold intensity delivered through the punctate cathode. One of the field electrodes was used as the anode. The top of the muscle was connected with 9-0 Tevdek thread to the arm of a servo-controlled electromagnetic muscle lever 20 -21 operated in the isometric mode. At the start of each experiment, muscle length was adjusted to a point just short of the optimal ( L J ; the tension developed was approximately 90% of that at L^. At the end of the experiment, the length of the muscle from the clamp to the chorda tendinea was measured in situ; the muscle was then removed and weighed after the chorda and the portion below the clamp had been cut away. Mean cross-sectional area was calculated from the ratio of weight to length.
The light emitted by the injected aequorin was detected with an EMI 9635B photomultiplier (Thorn-EMI, Plain view, New York) connected to an analog current-to-voltage converter described elsewhere." As is usually the case with aequorin-injected cardiac muscle, digital signal averaging (between 32 and 512 signals) was carried out to obtain a satisfactory signal-to-noise ratio in the aequorin signal. A Tracor Northern (Madison, Wisconsin) TN-1710 multichannel analyzer was used for this purpose. Raw (unaveraged) signals were displayed on a chart recorder and recorded in analog form with a Hewlett-Packard (Palo Alto, California) 3968A Instrumentation Tape Recorder. Averaged signals were recorded in digital form on floppy disks.
In early experiments of this series, we attempted to normalize our light measurements for the amount of aequorin in the preparation by various permutations of the method originally described by Allen and Blinks. 22 This method requires that the preparation be lysed (Triton X-100 has been used in the past) at the end of the experiment so that the total amount of light emitted can be recorded, under the optical conditions of the experiment, as all of the aequorin in the muscle is discharged by Ca 2+ . Despite trying various modifications of the technique, including the hypotonic lysis solution suggested by Allen and Orchard, 23 we found that our muscles never lysed rapidly enough to give us confidence that we could integrate the light signal with reasonable accuracy. (In many muscles, bursts of light continued to appear for an hour or more after exposure to the lysing solution.) For this reason we did not attempt to translate measurements of light intensity into absolute Ca 2+ concentrations. All of the drugs studied were tested for direct effects on aequorin luminescence by injecting aliquots of aequorin (final concentration 10~8 M) into a series of calcium-EGTA buffer solutions containing the highest concentration of the drug used in the organ bath during any experiment. The Ca Baker and recrystallized to a purity of greater than 99% as determined by the pH titration method of Moisescu and Pusch. 24 Six different Ca 2+ buffer solutions were used with each drug: one with no added Ca 2+ to check for effects on the Ca 2+ -independent luminescence of aequorin, and a series of five with CaEGTA:EGTA buffer ratios between 0.1 and 10.0 (covering a range of Ca 2+ concentrations from 3.6 x 10" 8 to 3.6 x 10" 6 M). Light emission was monitored at 20° C in a photometer illustrated elsewhere. 23 Concentration-effect curves for the sympathomimetic amines were determined by the method of cumulative addition. Amounts of the drug calculated to increase the final concentration by 0.5 log unit were added (in 0.1 ml for each step) until the maximum response was attained. /3-Adrenoceptor blockade was achieved by the administration of (±)-bupranolol, a competitive /3-blocking agent that is more potent than propranolol and apparently devoid of agonistic effects in heart muscle; -log K B = 8.8. 26>27 Bupranolol was allowed to act for at least 30 minutes before the administration of an agonist.
Drugs used in these experiments were ( -)-epinephrine bitartrate, (-)-isoproterenol bitartrate (gifts from Sterling-Winthrop, Rensselaer, New York); (-)-norepinephrine bitartrate monohydrate (Calbiochem, San Diego, California); dopamine hydrochloride, (-)-phenylephrine hydrochloride, carbamyl choline chloride (carbachol) (Sigma Chemical, St. Louis, Missouri); ( ± )-bupranolol hydrochloride (gift from Sanol, Monheim, FRG); phentolamine hydrochloride (gift from Ciba, Summit, New Jersey).
Results

Effects of Drugs on Aequorin Luminescence In Vitro
The influence on aequorin luminescence in vitro of the highest concentration of each drug used in this study was examined as outlined under "Materials and Methods." Only two drugs were found to have significant effects. Dopamine and norepinephrine (both 3 x 10~4 M) produced a gradual increase in the level of Ca 2+ -independent luminescence of aequorin and also increased the level of luminescence in the Ca 2+ -buffered solutions containing 3.6 x 10" 8 and 1 x 10" 7 M Ca 2+ . The effects of the drugs were negligible in the buffer solutions of higher [Ca 2+ ], probably because the onset of the drug effect was slow and at high [Ca 2+ ] the aequorin was consumed before a significant drug effect could develop. The extent and the time course of the catecholamine-induced increase in aequorin luminescence varied with drug concentration and with aequorin concentration, and the effect was considerably greater with dopamine than with norepinephrine. The chemically related drugs epinephrine, isoproterenol, phenylephrine, and bupranolol had no effect on aequorin luminescence in vitro, even over periods of many hours. None of the drug solutions luminesced detectably in the absence of aequorin. Silver contamination was ruled out as the cause of the increased luminescence by the addition of 1 mM KCN. 29 Three lines of evidence indicated that Ca 2+ contamination could not be responsible. First, increasing the total EGTA concentration in the test solution from 1 mM to 20 mM had no effect. Second, luminescence increased only very slowly after the drug and aequorin were mixed. (Ca 2+ contamination would be expected to produce a virtually instantaneous effect.) Third, the increase in luminescence could be prevented by adding 1 mM ascorbic acid to the reaction mixture. Serial assays for Ca
2+
-dependent light yield revealed that the amount of active aequorin in the dopamine-aequorin mixture declined throughout the incubation period with a rate constant approximately equal to that for the decline of luminescence after the drug-induced peak. This was much faster than the decline of aequorin activity in control solutions containing no catecholamine.
It appears, therefore, that dopamine and norepinephrine catalyze the discharge of aequorin in a light-yielding reaction that develops very slowly after addition of the drug. The slow onset of the effect and the fact that the reaction can be prevented in vitro by the addition of ascorbic acid suggest that an oxidation product of the catecholamine may be involved in the reaction. Qualitatively similar effects are produced when glucose and glucose oxidase are added to aequorin solutions and have been attributed to the generation of active oxygen radicals (F.G. Prendergast, personal communication). Whether the catecholamine-induced reaction takes place when the aequorin is in the cytoplasm of a living cell is unknown, but any changes in "resting glow" induced by these drugs must obviously be interpreted with great caution.
Effects of fl-Adrenoceptor Stimulation on Calcium Transients and Contractions
The effects of (-)-isoproterenol on the aequorin signals and contractions of an isolated rabbit papillary muscle are shown in Figure 1 . In concentrations of 10" 9 M and higher, ( -)-isoproterenol produced concentration-dependent increases in the amplitudes of both the aequorin signals and the isometric contractions. At low concentrations of ( -)-isoproterenol (10"*-10"* M), the amplitudes of the aequorin signals and of the contractions increased essentially in parallel. As the drug concentration was increased further, both signals approached plateau levels, but the force tended to do so at somewhat lower concentrations than the light. (Note that the light signals in the lower panel of Figure  1 were recorded athalfthegainusedinthe upper panel.) Thus, there was usually a range of concentrations over which the aequorin signal continued to rise after the force had reached its maximum. This suggests that the factor limiting the inotropic response of the rabbit papillary muscle to /3-adrenoceptor stimulation may be saturation of the contractile apparatus with Ca 2+ . Though always striking, the extent of the effect of isoproterenol on the amplitude of the aequorin signal varied considerably from muscle to muscle, ranging from a tenfold maximum increase to one of nearly 100-fold (mean = 38-fold).
At high concentrations of isoproterenol, there was usually a clear increase in the level of luminescence during diastole. At very high catecholamine concentrations, the increase was seldom steady, but fluctuated irregularly, and was associated with an increased incidence of "novas" (large spontaneous increases of luminescence of variable duration not associated with contractions' 4 ). This observation is in contrast to that made on quiescent rat myocytes, in which isoproterenol was found to decrease quin2 fluorescence. 28 We did not examine the effects of catecholamines on unstimulated preparations. (It is important to note that isoproterenol was not one of the drugs that increased the calciumindependent luminescence of aequorin in vitro.)
In some preparations, aftercontractions were observed in the presence of high concentrations of /3-receptor agonists, but the incidence of aftercontractions in the rabbit papillary muscle was much lower than in the cat and rat papillary muscles studied previously.
"
17 When aftercontractions occurred, they were accompanied (and slightly preceded) by transient rises in luminescence ("afterglimmers"). The fact that aftercontractions occurred infrequently may well be related to the fact that the sarcoplasmic reticulum of the rabbit heart seems normally to operate very far from being saturated with Ca 2+ . It is evident from the tracings of Figure 1 that both the aequorin signals and the contractions of the rabbit papillary muscle are abbreviated by isoproterenol. To illustrate these changes more clearly, we superimposed tracings recorded in the presence of the drug on their respective controls after adjusting the gains electronically to give the tracings the same amplitude. The upper tracings of Figure 2 show that in the rabbit papillary muscle maximally effective concentrations of isoproterenol shorten the time to peak as well as the total duration of the aequorin signal. (Note that the upward concavity of the declining phase of the aequorin signal must be more pronounced than that of the underlying Ca 2+ transient because of the nonlinearity of the relation between [Ca 2+ ] and light intensity.) The lower tracings illustrate the well-known effect of /3-adrenoceptor stimulation on the time course of contraction.
The tracings of Figure 2 were selected for illustration because the isoproterenol-induced changes in the time courses of both signals were close to the means for the group (see Table 1 and legend to Figure 2 ). In 10 similar experiments, 10~7 M (-)-isoproterenol reduced the time to peak light by 7.8 ± 2 . 4 msec and the time to peak force by 13.8±4.0 msec. The durations of the aequorin signals and contractions (measured at half of peak amplitude) were abbreviated from 77 ±1.8 to 47 ±2.1 msec (light) and from 125 ± 5 . 7 to 108±4.5 msec (force) (mean±SEM, n=\0). Although the changes in the duration of the aequorin signals at half-maximal amplitude are statistically highly significant, they may be misleading for the reasons detailed in the next paragraph. For this reason, they are not included in Table 1 .
It should be emphasized at this point that caution is required in the interpretation of differences in the time courses of aequorin signals of greatly different amplitude. Because light intensity is a nonlinear function of [Ca 12 the upper part of the aequorin signal is "stretched" disproportionately when the amplitude of the signal rises. This will have the effect of artificially abbreviating the aequorin signal when it is normalized as in Figure 2 . One way of addressing that problem is to compare the time course of aequorin signals that have been increased to equal extents by isoproterenol on the one hand and by increases of [Ca 2+ ] o on the other. Figure 3 shows the result of such an experiment. All tracings in the figure are displayed at the same gain, and it can be seen that the aequorin signal in 10~8 M (-)-isoproterenol (a concentration close to the EC,,,) was clearly, though only slightly, briefer than that recorded in 20 mM Ca 2+ . Another significant point illustrated by this figure is that the abbreviation of the contraction was far greater than the abbreviation of the light signal, both in absolute and in relative terms.
FIGURE 2. Effects of W~7M ( -)-isoproterenol on time courses of the aequorin signals and isometric contractions of an isolated rabbit papillary muscle. Amplitudes of signal-averaged records have been adjusted electronically to facilitate comparison of their time courses. Calibrations in absence and
Effects of a-Adrenoceptor Stimulation
Previous studies have established that the inotropic response mediated by a-adrenoceptors is more pronounced in the rabbit than in most other readily available mammals, 10 that in the rabbit papillary muscle phenylephrine has a greater efficacy than other aadrenoceptor agonists, 33 "
33 and that the a-receptors mediating the inotropic response are of the a. •Measured from the leading edge of the stimulus.
subtype. 1036 Phenylephrine also acts on /3-adrenoceptors, but in the rabbit papillary muscle it does so only at concentrations appreciably higher than those required to stimulate a-receptors. 33 In the rabbit papillary muscle after /3-receptor blockade, the concentration-effect curve for the positive inotropic effect of phenylephrine is shifted to the right by phentolamine in a manner consistent with a simple competitive antagonism (pA 2 = 7.33).
35 Figure 4 shows the effects of various concentrations of phenylephrine on the aequorin signals and contractions of a rabbit papillary muscle that had been preequilibrated with 10~7 M (±)-bupranolol. For comparison, the tracings at the right of the figure show the responses of the same muscle to a concentration of isoproterenol sufficient to surmount the effect of the bupranolol and to give a maximal /9-receptor-mediated inotropic effect.
In concentrations above 10~7 M, ( -)-phenylephrine produced concentration-dependent a-receptor-mediated increases in contractile force and in the amplitude of the aequorin signal. While the maximum inotropic effect of a-receptor stimulation was usually less pronounced than that of ^-receptor stimulation in the same muscle, the effects of a-stimulation on the aequorin signal were slight in comparison. (Note that in Figure 4 the sensitivity of light recording has been reduced by a factor of 2 to keep the response to isoproterenol on scale; the calibrations of the force recordings are all the same.) Seven experiments of the type shown in Figures 4 and 6 were carried out in the presence of 10~7 M (±)-bupranolol; 6 others were carried out in the absence of /8-receptor blockade. The results were not significantly different, which is consistent with the previous rinding that in the rabbit papillary muscle /3-receptor stimulation does hot contribute significantly to the inotropic effect of phenylephrine unless a-receptors are blocked. 33 The influence of a-adrenoceptor stimulation on the time course of the aequorin signals and contractions is shown in Figure 5 , in which tracings recorded before and after the administration of 3xlO~6 M ( -) -phenylephrine [in the presence of 3x 10~7 M (±)-bupranolol] were superimposed in the same manner as in Figure 2 . The aequorin signals were abbreviated slightly by a-receptor stimulation, whereas the corresponding contractions were prolonged. Figure 6 shows concentration-response curves for the increases in the amplitude of aequorin signals and force developed in response to ( -Hsoproterenol and to ( -)-phenylephrine. When the maximum response to /3-adrenoceptor stimulation in a given muscle was taken as 100%, the maximum a-mediated increase in the amplitude of the aequorin signals in response to ( -)-phenylephrine was only 6.8 ±1.3% (mean± SEM, n = 7), while that of force development was 51.4±11.2% (n = 7). The log EC*, for the effect of (-)-phenylephrine on the amplitude of the aequorin signals in the presence of 10~7 M (± )-bupranolol was -5.92±0.06 (n = 7), not significantly different from that for the effect on force ( -5.97 ± 0.14, n = 7). The log ECJO for the effect of (-Hsoproterenol on the amplitude of the aequorin signals was -7.78 ±0.10 (n = 8). The EC^ for the increase in force was significantly lower (log EC W = -8 . 1 2 ± 0 . 0 9 , n = 8). This difference reflects the fact that the amplitude of the aequorin signal continues to increase at isoproterenol concentrations above those sufficient to cause a maximal inotropic response.
Comparison of /3-and a-AdrenoceptorMediated Effects
FIGURE 3. Comparison of effects of equally inotropic concentrations of isoproterenol and extracellular Ca
In the rabbit papillary muscle, stimulation of aadrenoceptors does increase the amplitude of the aequorin signals somewhat as it increases the force of contraction. However, for a given inotropic effect, phenylephrine increases the amplitude of the calcium transient much less than does isoproterenol. This difference might reflect a decrease in the calcium sensitivity of the contractile apparatus resulting from /3-adrenoceptor stimulation, an increase in sensitivity resulting from a-stimulation, or a combination of the two. In an effort to separate these two potential effects, we compared the effects of each drug with those of varying [Ca 2+ ] 0 in the same muscles. Figure 7 shows the effects of the cumulative administration of ( -)-isoproterenol (left panel) and those of progressively changing the [Ca 2+ ] o (right panel) in the same rabbit papillary muscle. Rabbit ventricular myocardium appears normally to function farther from Ca 2+ saturation than many other types of heart muscle, and 20 mM [Ca 2+ ] 0 is not high enough to cause a maximal contraction. Thus, in Figure 7 , the maximum inotropic response to isoproterenol is considerably greater than the response to 20 mM Ca 2+ . Figure 8  shows Figure 8 . The results are qualitatively similar when the maximum rate of tension development (max dP/dt) is plotted as the ordinate, as in Figure 9 , though in such plots the isoproterenol curve tended to be displaced slightly to the left. Although the two methods of plotting the results lead to similar conclusions, we feel that it is conceptually preferable to use max dP/dt as the index of activation because it is less likely than peak tension to be influenced by changes in the duration of the Ca 2+ transient. In each of six experiments of the type illustrated in Figures 8 and 9 , we found that in the presence of low concentrations of (-)-isoproterenol (10~'-10~8 M) the relation between max dP/dt and light was essentially the same as when contractility was influenced by changing [Ca 2+ ] 0 . In three of them, represented by Figure 9 , the line representing the relation of peak tension or max dP/dt to (peak light)" 25 deviated to the right when the concentration of (-)-isoproterenol was increased above 10" 8 M; this is in accordance with previous findings that y3-adrenoceptor stimulation leads to a decrease in the Ca 2+ sensitivity of the myofibrils (see "Discussion"). In the other three experiments, the results were like those illustrated in Figure 8 ; the two curves did not deviate at all within the range of responses that were common to them. However, in each case, the response to 20 mM Ca 2+ was considerably smaller than the maximal response to isoproterenol, and the highest concentration of Ca 2+ that we used (20 mM) did not bring the force of contraction above the point at which the isoproterenol curve bent to the right.
[In all six preparations, this occurred between 10"' and 10" 7 M (-Hsoproterenol.] Thus, in each of the three experiments in which the isoproterenol curve did not deviate appreciably from the Ca 2+ curve, it did deviate substantially from an upward projection of the Ca 2+ curve. There was no obvious difference in the extent to which isoproterenol abbreviated the aequorin signals in the two groups of experiments. For a given increase in force developed, the'change in the amplitude of the aequorin signals was much less when force was increased by a-adrenoceptor stimulation than when it was increased by changing [Ca 2+ ] o ( Figure 11 ). This was true in each of seven experiments like the one illustrated in Figures 10 and 11 . This finding strongly suggests that a-adrenoceptor stimulation leads to an increase in the Ca 2+ sensitivity of the contractile apparatus in the rabbit papillary muscle. Figure 12 shows the effects of (-)-epinephrine on the aequorin signals and isometric contractions of a rabbit papillary muscle. Low concentrations of ( -)-epinephrine (10" ! -3 x 10" 7 M) increased force development with only a relatively slight increase in the amplitude of the aequorin signals. Above the midpoint of the inotropic concentration-effect curve (concentrations of 10" 6 M and higher), the amplitude of the aequorin signals began to increase strikingly, reaching a maximum (about 50 times the control level in this experiment) at 3 x 10~3 M ( -)-epinephrine. (Note that there is a reduction in the sensitivity with which the light signal was recorded for each successive record in the lower panel of Figure 12 .) The actions of ( -) -norepinephrine were similar to those of epinephrine, and maximally effective concentrations of both these substances affected the time course of the light and force signals in essentially the same manner as did isoproterenol (see Figure 2 and Table 1 ). Figure 13 shows mean concentration-response curves for the effects of ( -)-epinephrine, ( -^-norepinephrine, and (-)-isoproterenol on the amplitudes of the aequorin signals and isometric contractions of rabbit papillary muscles. The dimensions of the muscles used in these experiments and the basal, maximal, and ECJO values for light and force are presented in of muscles exposed to epinephrine, norepinephrine, and isoproterenol. Although there were no significant differences in the max/bas ratios for either light or force among the groups of muscles exposed to the three catecholamines, there was a significant negative correlation overall between the max/bas ratio for force and the basal developed force. (Y= -0AIX+1.27, r = 0.79; where Y=log max/bas ratio, and X = basal force in mN/mm 2 .) We interpret this to mean that the basal force development was much more subject to influence by unknown and uncontrolled factors than was the force in the presence of a maximally effective catecholamine concentration, when the contractile apparatus appears to be saturated with Ca 2+ . (In other words, if the basal force is low, there is more room for improvement.) The ECj,, values for the individual catecholamines were not significantly correlated with the variations in basal developed force. The concentration-response curves for the effects of all three catecholamines on the amplitude of the aequorin signals lay to the right of those for the increase in force developed. The difference in EC M values was less for isoproterenol than for the other two catecholamines ( Figure 13 and Table 1 ). Stated another way, the curves for epinephrine and norepinephrine differed from those for isoproterenol primarily in that, over the lower portions of their dose-response relations, the natural catecholamines produced a given increase in force with less effect on the amplitude of the aequorin signal than that exerted by isoproterenol. The most likely explanation for this diJference is that epinephrine and norepinephrine acted via stimulation of a-adrenoceptors (with relatively little change in the amplitude of aequorin signals) in the lower concentration range, and via /3-adrenoceptor stimulation (with a pronounced increase in the aequorin signals) in the higher concentration range, while isoproterenol produced all of its effects via /3-adrenoceptor stimulation. Concentrationeffect curves for epinephrine and norepinephrine in the presence of /3-adrenoceptor blockade confirmed that these two catecholamines produced a-receptor-mediated inotropic effects over a range of concentrations that is consistent with this interpretation (results not illustrated).
Effects of Naturally Occurring Catecholamines
In the rabbit papillary muscle, dopamine produces its positive inotropic effect by stimulation of both a-and /3-adrenoceptors. 34 This is illustrated by the experiment of Figure 14 . A high concentration of dopamine (10~4 M) produced effects characteristic of strong /3-adrenoceptor stimulation. The subsequent administration of 10~6 M (± )-bupranolol produced a marked decrease in the amplitude of the aequorin signal, and in this particular muscle actually increased the force of contraction slightly, though max dP/dt was decreased. The abbreviation of the contraction produced by dopamine was reversed by bupranolol. In the right panel, the tracings of the other three panels are superimposed. It is clear that in the presence of /3-adrenoceptor blockade dopamine is capable of increasing the force of contraction substantially with very little effect on the amplitude of theaequorin signal. The responses of the muscle illustrated in Figure 14 were atypical (though not unique) in that the maximal inotropic effect of dopamine was not reduced by /3-receptor blockade. Averaged measurements of the responses to dopamine before and after the addition of 10~7 M (±)-bupranolol are presented in Figure 15 . In these experiments, the maximum responses to dopamine in the absence of bupranolol were the same as those of the other catecholamines tested. (Absolute values are presented in the legend to Figure 15 .) In the absence of bupranolol, low concentrations (3 x 10~6-10~3 M) of dopamine increased force development with only a modest change in the amplitude of the aequorin signals. When the concentration of dopamine was increased to 3 x 10~3 M and above, the amplitude of the aequorin signals increased markedly ( Figure 15 ). On average, the maximum responses to dopamine were reduced by bupranolol to 55% (force developed) and 7% (peak aequorin signal) of the maximum determined in the absence of bupranolol (n = 7 for each). After /3-adrenoceptor blockade the average effects of dopamine were similar to those of phenylephrine in that both agonists were able to increase the force developed by 50-60% of the maximum response to /3-receptor stimulation while increasing the amplitude of the aequorin signal by less than 10%. In the presence of bupranolol, dopamine also produced changes in the time course of the force and light signals that were similar to those produced by phenylephrine (Figure 16 , cf. Figure 5 ). 
Comparison of the Effects of Weak /3-and a-Adrenoceptor Stimulation
In Figures 2, 5, 14 , and 16, we have illustrated differences in the effects of maximal a-and /3-adrenoceptor stimulation on the time course of the aequorin signals and contractions of rabbit papillary muscles. Since the maximal effects of /8-receptor stimulation are considerably greater than those of a-stimulation, it is reasonable to ask whether the same sorts of differences would be observed at comparable levels of force development. To check this point, we compared the time courses of tracings recorded in the 10"' io'-I0" 5 10"" [Dopamine] (M) FIGURE 15 . Mean concentration-effect curves for the effects of dopamine on aequorin signals and contractions of isolated rabbit papillary muscles before and after fi-adrenoceptor blockade. Cumulative concentration-effect curves for dopamine were determined in 9 muscles; in 7 of these, the curves were repeated after dopamine had been washed out and the muscles exposed to 10 those at maximal levels of stimulation. For the drugs acting on a-adrenoceptors, the changes in the aequorin signals were too slight at this dose level to reveal any convincing changes in their time course, but the light signal recorded in the presence of 3 X 10"' M ( -) -isoproterenol did cross the control curve as it decayed.
FIGURE 13. Mean concentration-effect curves for the effects off -)-epinephrine, ( -)-norepinephrine, and ( -)-isoproterenol on the amplitudes ofaequorin signals and isometric contractions of isolated
Discussion
Effects of a-Adrenoceptor Stimulation
The most important new conclusion of this study is that a-adrenoceptor stimulation leads to an increase in the responsiveness of the myocardial contractile apparatus to Ca 2+ . This cannot be the only mechanism involved in the positive inotropic action of a-adrenergic agonists because a-receptor stimulation also produces a modest increase in the amplitude of the intracellular Ca 2+ transient. Nevertheless, the increase in the amplitude of the Ca 2+ transient is much smaller than that associated with comparably inotropic increases in [Ca 2+ ] 0 , and, in contrast to the situation with /3-receptor stimulation, neither intervention produces changes in the time course of the calcium transient that could account for the discrepancy. Unless one assumes that increases in [Ca 2+ ] 0 somehow cause decreases in myofibrillar responsiveness to Ca 2+ , the conclusion seems inescapable that a-adrenoceptor stimulation causes an increase. In fact, although there is now a substantial list of substances and interventions known or suspected to alter myofibrillar responsiveness to Ca 2+ , v we know of no other example of a drug-induced change in which the evidence from intact cells is as unambiguous.
The only other evidence we know of in support of the idea that a-adrenoceptor activation increases myofibrillar responsiveness to Ca 2+ comes from the work of Winegrad and his collaborators on rat ventricular strips made hyperpermeable by EGTA treatment. These investigators have found that in such preparations 3 * myofibrillar tension development is subject to at least four different kinds of regulation. 4 The first two are the obvious ones that would have been predicted from a large body of other experimental evidence: the moment-to-moment control by [Ca 2+ ], and changes in the sensitivity of the myofilaments to Ca 2+ resulting from changes in the degree of the cAMP-dependent phosphorylation of troponin I. However, Winegrad and his colleagues also found that changes could be produced in the amount of tension developed by the myofilaments under conditions of saturating [Ca 2+ ]. Both /3-and a-adrenoceptor stimulation were capable of increasing the maximum tension generated under the influence of Ca 2+ , but it seems likely that they produced these effects by different mechanisms because the effect mediated through /3-receptor stimulation correlated well with the content of the V, isozyme of myosin in the muscle, whereas the a-receptor-mediated effect correlated with the content of the V 3 isozyme. 39 (This presumably accounts for the fact that the inotropic response to a-receptor stimulation is increased in hypothyroidism, in which the V 3 ."V, ratio is increased. 10 -36 )
So far, we have used the term "myofibrillar responsiveness to Ca 2+ " in referring to the effects of areceptor stimulation to avoid any implication as to whether the changes in question result from alterations in the affinity of troponin C for calcium or from actions beyond that level. The reciprocal changes in the time course of the light and force signals give us some ground for speculation on this matter. Because troponin C is the most important Ca 2+ sink in the cytoplasm and binds Ca 2+ almost as fast as it is made available, one would expect an increase in its affinity for Ca 2+ ] down more rapidly than would otherwise be the case. The contraction itself would be prolonged because of the slowed dissociation of Ca 2+ from the regulatory sites. The fact that a-adrenoceptor stimulation slightly abbreviates the calcium transient while prolonging the twitch is consistent with the idea that its effects are at least partly the result of an increase in the affinity of troponin C for Ca 2+ . Since by itself an increase in the affinity of troponin C for Ca 2+ would be expected to reduce the amplitude of the Ca 2+ transient, the fact that a-adrenoceptor stimulation increases the amplitude of the aequorin signal suggests that it must increase the amount of Ca 2+ participating in excitation-contraction coupling. This is consistent with electrophysiological evidence that a-receptor stimulation increases the amplitude of the slow inward (Ca 2+ ) current and prolongs the action potential in ventricular muscle from the cow 13 and the rabbit. l2 - 42 Both of these actions would be expected to increase Ca 2+ entry and, therefore, the amount of Ca 2+ available to the sarcoplasmic reticulum for release in subsequent contractions. Bruckner and Scholz 13 found in bovine ventricular muscle that for a given increase in tension development, a-adrenoceptor stimulation produced a much smaller increase in the maximum rate of depolarization of slow action potentials than did /3-receptor stimulation. This is consistent with our observations on the relative effects of the two interventions on intracellular Ca 2+ transients. shown that a-adrenergic stimulation increases phosphoinositide hydrolysis in rat 52 " 56 and mouse 37 heart, it is conceivable that one or more of the products of that hydrolysis might be involved in the genesis of the inotropic response to a-receptor stimulation. Phosphoinositide hydrolysis liberates two products that have been shown to have important actions in other biological systems: inositol 1,4,5-trisphosphate (LP 3 ) and diacylglycerol. The diacylglycerol stays within the membrane and activates protein kinase C (C kinase), thereby inducing the phosphorylation of certain proteins. 4 * It is easy to imagine how such an effect might influence ionic channels in the surface membrane, and it is conceivable that such an action might be responsible for the modest increase in the amplitude of the Ca 2+ transient that we have observed during a-receptor stimulation. Although it has been shown that troponin I, troponin T, and phospholamban can be phosphorylated by C kinase in vitro, 58 -3 ' it remains to be determined whether in intact cardiac muscle C kinase plays a significant regulatory role either on the proteins directly involved in contraction 3 or on the sarcoplasmic reticulum. 7 Inositol trisphosphate is released into the cytoplasm and has been found to mobilize Ca 2+ from intracellular stores in certain types of cells. 43 
"
31 It has been suggested 6061 that IP 3 might play an essential role as an intracellular messenger in striated muscle as well, being released in response to depolarization of the surface membrane, and triggering the release of Ca 2+ from the sarcoplasmic reticulum. It now seems quite clear that IP, does not play such a key role in either skeletal 62 from overloaded sarcoplasmic reticulum and potentiates the Ca 2+ -releasing effect of caffeine. Thus, it seems possible that an action of IPj on the sarcoplasmic reticulum might also be involved in the genesis of the modest a-mediated increase in the amplitude of the Ca 2+ transient that we have observed. Because IP 3 is released into the cytoplasm in response to a-receptor stimulation, it is not unreasonable to suppose that it might mediate the increase in myofibrillar responsiveness to Ca 2+ that we have observed during a-receptor stimulation in the rabbit papillary muscle. Although it has been reported that IPj does not alter the Ca 2+ sensitivity of saponin-skinned bundles of guinea pig ventricular muscle, 63 there is a report to the effect that IP 3 does enhance the Ca 2+ sensitivity of the myofibrils of rabbit skeletal muscle. 67 It will be very important to the interpretation of our results to determine whether IP 3 has a similar effect in rabbit ventricular muscle. If it does, the lack of such an effect in guinea pig ventricular muscle could account for the fact that a-receptor agonists have very little inotropic effect in the guinea pig. 1043 In summary, although there is as yet no clear evidence implicating phosphoinositide hydrolysis in the genesis of the inotropic effect of a-receptor stimulation, it seems distinctly possible that one or both of the products of the hydrolysis may be involved. It may be more than a chance coincidence that two potential second messengers are released by phosphoinositide hydrolysis and that two distinct processes (myofibrillar sensitization and an increase in the amplitude of the Ca 2+ transient) are involved in the inotropic response to a-receptor stimulation.
Effects of fi-Adrenoceptor Stimulation
The results of our comparisons of the effects of isoproterenol with those of increased [Ca 2+ ] o are not open to such unambiguous interpretation as those of the experiments with phenylephrine. One reason is that the method of inferring changes in the Ca 2+ sensitivity of the contractile apparatus from differences in the relation of peak light to peak force or max dP/dt is subject to interference from changes in the time course of the aequorin signal, and the change in time course produced by /3-receptor stimulation is in the direction that would be expected to produce an apparent decrease in myofibrillar responsiveness to Ca 2+ . At present, we can only conclude that shifts of the sort illustrated in Figure 9 are consistent with other evidence that /3-adrenoceptor stimulation produces a decrease in myofibrillar Ca 2+ sensitivity. One clearly defined mechanism for a change of this sort involves the cAMP-dependent phosphorylation of troponin I. 3 The possibility must be considered that changes in the phosphorylation of proteins of the thick filaments (particularly myosin light chains and C-protein) may be involved as well.
-
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The fact that we did not always observe a clear isoproterenol-induced shift in the curve relating peak light to peak force (or max dP/dt) was surprising to us, and it indicates that the change in the duration of the Ca 2+ transient cannot be primarily responsible for the shift when it does occur. The apparent desensitization produced by /3-receptor stimulation is much less prominent in the rabbit papillary muscle than in some other types of heart muscle. In the cat papillary muscle, the curves obtained during exposure to catecholamines are separate from those for Ca 2+ at all dose levels, 1369 whereas in the rabbit we never saw the two curves deviate below the midportion of the isoproterenol concentration-response curve. The difference might reflect species differences in the relative sensitivity to cAMP-dependent phosphorylation of troponin I on the one hand and of critical membrane proteins on the other. Perhaps in some rabbit papillary muscles, the phosphorylation of troponin I is never significant or always complete. Fabiato 70 has found that in mechanically skinned rat and rabbit cardiac muscle fibers, the addition of cAMP (with cAMP-dependent protein kinase) reduces myofibrillar Ca 2+ sensitivity only if it has first been increased by phosphodiesterase inhibitors (which may act by increasing cGMP levels). An alternative interpretation is that some muscles failed to show a separation between the curves for Ca 2+ and isoproterenol simply because the response to 20 mM Ca 2+ was small compared with the maximum response to isoproterenol and thus the curve for Ca 2+ did not extend beyond the point at which the isoproterenol curve began to bend to the right. In this context, however, it must be pointed out that a change in the affinity of troponin C for Ca 2+ is not the only possible cause of a rightward deviation in curves like those shown in Figures 8 and 9 . As is illustrated in Figures  7,8, and 13 , the aequorin signal often continues to rise in response to increasing concentrations of isoproterenol after tension development has reached its maximum level, suggesting that the contractile apparatus becomes saturated with Ca 2+ before the maximum effect of /3-receptor stimulation on the calcium transient is achieved. Of course, if saturation occurs, one would expect that in itself to produce a rightward deviation in the curve relating peak force to peak light as plotted in Figure 8 .
Although the most obvious interpretation of the results just mentioned would seem to be that the contractile apparatus becomes saturated with Ca 2+ at high catecholamine concentrations, this conclusion is apparently in conflict with that of Fabiato's meticulous studies with isolated ventricular myocytes from both rats and rabbits. 71 We do not believe that there is in fact a conflict between our interpretation and Fabiato's results. The fact that the twitch tension developed by his myocytes before skinning never equaled the maximal Ca 2+ -induced tension after chemical skinning may reflect the short duration of activation in twitches, especially in the presence of catecholamines, 72 
"
74 coupled with the use of a fairly compliant transducer. 73 The fact that the sarcoplasmic reticulum of mechanically skinned fibers could not be induced to store and release enough Ca 2+ to saturate the contractile apparatus would be pertinent to the question of saturation only if the sarcoplasmic reticulum were the only significant source of Ca 2+ in intact rabbit myocytes under conditions of strong adrenergic stimulation.
All of the /3-adrenoceptor agonists that we studied decreased the duration of the aequorin signal and of the isometric contraction (Figures 2, 3, and 14) . Presumably, the abbreviation of the Ca 2+ transient is primarily a consequence of an acceleration of Ca 2+ sequestration by the sarcoplasmic reticulum resulting from the cAMP-induced phosphorylation of phospholamban. 1 However, a cAMP-mediated stimulation of the sarcolemmal Ca 2+ pump might also play a role. 76 Under conditions in which there is a cAMP-mediated decrease in the affinity of troponin C for Ca 2+ , one would expect that effect to tend to offset the abbreviation of the Ca 2+ transient while accelerating relaxation.
3 -3177 However, as is shown in Figure 3 , the isoproterenol-induced abbreviation of contraction is considerably greater than the abbreviation of the calcium transient even under circumstances in which there is no evidence for a decrease in myofibrillar responsiveness to Ca 2+ . This suggests that /3-adrenoceptor stimulation may produce fundamental alterations in the properties of the myofilaments by a mechanism other than the phosphorylation of troponin I, and that one of the consequences of this is accelerated relaxation. An attractive potential mechanism for such a change would seem to be the phosphorylation of C-protein (a constituent of the thick filament-no relation to C kinase). Hartzell 78 has recently demonstrated that in amphibian heart muscle there is a good correlation between the extent of phosphorylation of C-protein and the rate of relaxation. He found that the phosphorylation of C-protein is increased by isoproterenol, and decreased by carbachol, but not influenced by all inotropic interventions.
Relation Between the Effects of a-and /3-Adrenoceptor Stimulation
As was noted in the introduction, there is considerable species variation in the degree to which the contractile force of heart muscle can be varied by a-adrenoceptor stimulation. We chose the rabbit papillary muscle for this study because its response to a-adrenergic agonists is greater than that of any other readily available preparation. Even in rabbit ventricular muscle, the natural transmitters norepinephrine and epinephrine clearly exert their inotropic effects primarily through /3-receptors, though at very low drug concentrations a modest a-mediated effect usually appears before the threshold for /3-receptor stimulation is reached, t This effect becomes much more prominent when the concentration-effect curve for the /3-mediated effect is shifted to the right by /3-receptor blockade. 35 The fact that the a-mediated effect is normally "buried" by the /3-mediated one throughout most of the concentration-effect curve does not necessarily mean that its influence is negligible at high drug concentrations. Part of the difference between the effects of isoproterenol and the natural transmitters on the concentration-effect curves for force and light shown in Figure 13 may result simply from the fact that low concentrations of epinephrine and norepinephrine exert their inotropic effects primarily through a-adrenoceptors, as we have already suggested. However, a potentially more significant possibility is that the a-mediated increase in myofibrillar responsiveness to Ca 2+ tends throughout the concentration-effect curve to amplify the inotropic consequences of the /3-mediated increase in the amplitude of the Ca 2+ transient or at least tThere have been conflicting reports 33 " as to whether norepinephrine is capable of producing any a-receptor-mediated inotropic effect in the rabbit papillary muscle. Our present results are consistent with those of Aass et al. 79 We feel that the earlier failure of Schflmann et al 35 to detect an a-receptor-mediated inotropic effect of norepinephrine was probably the result of their having used 10"' M ( ± )-pindolol instead of a higher concentration of propranolol or bupranolol to achieve /3-receptor blockade. (For further discussion, see Endoh.*) The same explanation may at least partly account for the fact that Endoh et al 5 * found no influence of /9-adrenoceptor blockade on the maximum inotropic response of the rabbit papillary muscle to dopamine, while in this study we found about a 50% reduction. However, it should be noted that in this study we observed substantial muscle-to-muscle variation in the extent to which bupranolol influenced the maximum inotropic effect of dopamine (cf. Figures 14 and 15) .
to partly offset a /3-mediated decrease in the Ca 2+ sensitivity of troponin C.
A significant difference between the inotropic effects of a-and /3-adrenoceptor stimulation is that the maximum response to ^-stimulation appears to be determined by saturation of the contractile apparatus with Ca 2+ , whereas the maximum response to astimulation usually is not. If the contractile apparatus does become saturated with Ca 2+ during strong /3-stimulation, that could account for the fact that there appear to be spare receptors mediating the inotropic response to /3-receptor stimulation but none for the a-mediated response. 10 -36 The same explanation would account for the observation that the maximal inotropic effect of a-adrenoceptor stimulation is more susceptible than that of/3-receptor stimulation to alteration by experimental variables such as changes in temperature or stimulation frequency or to inhibition by calciumentry blocking drugs. 10 Although a-adrenoceptors stimulation does produce a significant positive inotropic effect in human atrial 80 -*' and ventricular 82 muscle, the effect is not large, and it is obvious that a-agonists cannot be used therapeutically for their inotropic effects because of their multiple actions elsewhere in the body. This does not mean, however, that the fundamental mechanism underlying their inotropic action has no therapeutic promise. It is entirely conceivable that once that mechanism is understood, means can be devised to activate it without the involvement of a-receptors. Furthermore, if the limited responsiveness of many types of cardiac muscle to a-receptor stimulation is imposed by the characteristics of the receptors themselves, it seems reasonable to hope that methods of engaging the inotropic mechanism without the involvement of a-receptors might be effective in all types of heart muscle. Forthese reasons, and because sensitization of the myofibrils to Ca 2+ is a promising but poorly understood inotropic mechanism, 37 we believe that the mechanisms by which a-adrenoceptor stimulation increases myofibrillar responsiveness to Ca 2+ deserve intensive investigation.
